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Edited by Judit Ova´diAbstract The purpose of this study is to clarify the amino acid
residues responsible for the synergism in substrate binding of
arginine kinase (AK), a key enzyme in invertebrate energy
metabolism. AKs contain a pair of highly conserved amino acids
(D62 and R193) that form an ion pair, and replacement of these
residues can cause a pronounced loss of activity. Interestingly, in
the oyster Crassostrea AK, these residues are replaced by an N
and a K, respectively. Despite this replacement, the enzyme re-
tains high activity and moderate synergism in substrate binding
(Kd/Km = 2.3). We replaced the N62 by G or D and the K193
by G or R in Crassostrea AK, and also constructed the double
mutants of N62G/K193G and N62D/K193R. All of the mutants
retained 50–90% of the wild-type activity. In N62G and N62D
mutants, the Kargm for arginine binding was comparable to that
of wild-type enzyme, but the K
arg
d was increased 2–5-fold, result-
ing in a strong synergism (Kd/Km = 4.9–11.3). On the other hand,
in K193G and K193R mutants, the Kargm was increased 4-fold,
and synergism was lost almost completely (Kd/Km = 1.0–1.4).
The N62G/K193G double mutant showed similar characteristics
to the K193G and K193R mutants. Another double mutant,
N62D/K193R, similar to the amino acid pair in the wild-type
enzyme, had characteristics similar to those of the wild-type
enzyme. These results indicate that the amino acid residues 62
and 193 play the key role in mediating the synergism in substrate
binding of oyster arginine kinase.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Phosphagen kinases catalyze the reversible transfer of the
high-energy phosphoryl group of ATP to naturally occurring
guanidino compounds, such as creatine, glycocyamine, tauro-
cyamine, lombricine and arginine. The phosphorylated high-
energy guanidine is referred to as ‘‘a phosphagen’’. Members
of this enzyme family play a key role in the coupling of energy
production and utilization in animals [1–6].
In vertebrates, phosphocreatine is the only phosphagen, and
the corresponding phosphagen kinase is creatine kinase (CK).
In invertebrates, in addition to phosphocreatine, there are at
least ﬁve unique phosphagens (and corresponding kinases),*Corresponding author.
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ocyamine (glycocyamine kinase), phosphotaurocyamine (tauro-
cyamine kinase), phospholombricine (lombricine kinase), and
phosphohypotaurocyamine (hypotaurocyamine kinase) [1–3].
The homologous amino acid sequences of these enzymes suggest
that they have evolved from a common ancestor [7,8].
AK is the most widely distributed among invertebrates [2].
AK activity has been identiﬁed even in protozoa [9] and its
gene has been found in the genomes of Paramecium and Tetra-
hymena, indicating AK has an ancient origin. Most of the AKs
are monomers of 40 kDa, but in some species, they are dimers
[1,3,10,11] or contiguous dimers (two-domain AKs), resulting
from gene duplication and subsequent fusion [12,13].
Two substrates, guanidine (or phosphagen) and MgATP (or
MgADP), typically exhibit synergistic binding to phosphagen
kinases. Namely, the binding of the ﬁrst substrate facilitates
the binding of the second substrate (Kd, the dissociation con-
stant in the absence of the second substrate (= Kia in the treat-
ment of Cleland [20]), is higher than Km:Kd/Km > 1). This
synergism may be associated with substrate-induced confor-
mational changes within the tertiary complex [14]. However,
the speciﬁc amino acid residues responsible for the synergistic
phenomenon remain to be elucidated. The purpose of this
study is to identify these residues in the oyster Crassostrea
AK. In a previous work [15], we found that the two amino acid
residues, D62 and R193, which are strictly conserved in mono-
meric AKs and form an ion pair in the transition state ana-
logue complex of Limulus AK [21] (Fig. 1), are notably
replaced by an N and a K in Crassostrea AK. Usually, replace-
ment of D62 or R193 causes a pronounced loss of enzyme
activity [16,17], which makes it impossible to determine the ki-
netic parameters Km and Kd needed for further analysis of the
role of these residues. However, in Crassostrea AK, 50% or
more of the wild-type enzyme activity remained after substitut-
ing wild-type amino acids with mutated ones via site-speciﬁc
mutagenesis, which is suﬃcient to evaluate Km and Kd values
and thereby the contribution of these residues to the syner-
gism. In this paper, we show that the amino acid residues at
positions 62 and 193 are essential for the expression of syner-
gism in substrate binding by Crassostrea AK.2. Materials and methods
2.1. Cloning, site-directed mutagenesis and expression of the oyster
Crassostrea AK
The pMAL-c2 plasmid with the insert of Crassostrea AK cDNA
(pMAL/Crassostrea AK-wild) [15] was used as a template of muta-
genesis.blished by Elsevier B.V. All rights reserved.
Fig. 1. Comparison of the transition state analogue complex and substrate-free structures of Limulus AK [21,23]. This ﬁgure was made from the pdb
ﬁles (1BG0 and 1M80) with SwissPdbViewer (http://kr.expasy.org/spdbv/).
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and N62D/K193R) were introduced into the template of pMAL/Cras-
sostrea AK-wild by PCR using mutation-primers (for N62G,
GGCTCTGGGGTTGGTGTGTACGCC and CAAGTTCAAGGC-
ACCTGAGCGAATACA; for N62D, GACTCTGGGGTTGG-
TGTGTACGCC and CAAGTTCAAGGCACCTGAGCGAATACA;
for K193G, GGGATGCTGGGAGATGCCGGTGGT and GTCG-
TCATTCTTGAACATGAA; for K193R, CGGATGCTGGGAGA-
TGCCGGTGGT and GTCGTCATTCTTGAACATGAA: mutated
sequence underlined). KOD+ DNA polymerase (TOYOBO, Tokyo,
Japan) was used as the amplifying enzyme. The PCR products were
digested with DpnI, and the target DNA fragment (7000 bp) was recov-
ered by EasyTrap Ver. 2 (TaKaRa, Tokyo, Japan). After blunting
and kination, the DNA was self-ligated. The cDNA insert was com-
pletely sequenced to conﬁrm that only the intended mutations were
introduced.
The MBP-Crassostrea AK fusion protein was expressed in Esche-
richia coli TB1 cells by induction with 1 mM isopropyl-1-thio-b-D-
galactopyranoside at 25 C for 24 h. The soluble protein was extracted
with the Bugbuster (Novagen, WI, USA) and puriﬁed by aﬃnity chro-
matography using amylose resin (New England BioLabs, MA, USA).
Purity was checked by sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS–PAGE). The enzymes were placed on ice until use
and enzymatic activity was determined within 12 h.
2.2. Enzyme assay and determination of kinetic parameters
(Km, Kd, Vmax and kcat)
Enzyme activity was measured with an NADH-linked assay at 25 C
[18] and determined for the forward reaction (phosphagen synthesis).
The reaction mixture (total volume of 1.0 ml) contained 0.65 ml of
100 mM Tris/HCl (pH 8), 0.05 ml of 750 mM KCl, 0.05 ml of
250 mM Mg-Acetate, 0.05 ml of 25 mM phosphoenolpyruvate made
up in 100 mM imidazole/HCl (pH 7), 0.05 ml of 5 mM NADH made
up in Tris/HCl (pH 8), 0.05 ml of pyruvate kinase/lactate dehydroge-
nase mixture made up in 100 mM imidazole/HCl (pH 7), 0.05 ml of
an appropriate concentration of ATP made up in 100 mM imidaz-
ole/HCl (pH 7) and 0.05 ml of recombinant enzyme. The pH of the ﬁ-
nal reaction mixture was 7.9. The reaction was started by adding
0.05 ml of an appropriate concentration of guanidine substrate made
up in 100 mM imidazole/HCl (pH 7). This enzyme assay system con-
tains chloride ions, which aﬀect on the reaction rates forming the
dead-end complex with ADP. However, the complex is not accumu-
lated in this NADH-linked assay system.
The KArgm value of an AK enzyme was ﬁrst estimated roughly using
various concentrations of substrate arginine (0.02–50 mM). Next, the
exact KArgm value was determined from the enzyme reactions using se-
ven or eight diﬀerent concentrations of substrate arginine around the
rough KArgm value. We also conﬁrmed the reliability of the obtained
KArgm by using a hyperbolic program written by Dr. R. Viola (Enzyme
kinetics Programs, ver. 2.0). To determine the Kd values, the above
reactions were done at least four diﬀerent concentrations of ATP.
Fig. 2 shows the example of Lineweaver–Burk plots (1/V vs. 1/[argi-nine]) of the AK reaction for N62G/K193G mutant with various con-
centrations of ATP. In this case, the assay was done using 0.8–2.2 mM
arginine.
Protein concentration was estimated from the absorbance at 280 nm
(0.77 AU at 280 nm in a 1-cm cuvette corresponds to 1 mg protein/ml).
To estimate kinetic constants (Km and Vmax), a Lineweaver–Burk plot
was made and ﬁtted by the least square method using Microsoft Excel.
The kinetics of phosphagen kinase can be explained as a random-or-
der, rapid-equilibrium kinetic mechanism [18], and the Kd, the dissoci-
ation constant in the absence of one substrate, is obtained graphically
[19] or by ﬁtting data directly according to the method of Cleland [20],
using the software written by Dr. R. Viola (Enzyme kinetics Programs,
ver. 2.0).3. Results and discussion
All of the recombinant enzymes of Crassostrea AK were
successfully expressed as a soluble fusion protein with malt-
ose binding protein (MBP), and puriﬁed to a highly pure
state by aﬃnity chromatography. The enzymatic nature of
the recombinant wild-type/MBP fusion enzyme was very
similar to that of native Crassostrea AK, indicating the N-
terminal MBP portion had largely no eﬀect on its activity
[15].
Morrison and James [18] were the ﬁrst to show native rabbit
muscle (cytoplasmic) CK exhibits synergism in substrate bind-
ing (i.e., the binding of the ﬁrst substrate promotes the binding
of the second substrate). This synergism was suggested to be
associated with substrate-induced conformational changes
within the tertiary complex [14], and in fact, a large conforma-
tional change occurs upon substrate binding in Torpedo CK
[22] and Limulus AK [23] (see Fig. 1). The synergism can be
evaluated by comparing Km with Kd for each substrate. Typi-
cally, for native creatine kinase from rabbit muscle [14],
KCreatinem ¼ 8:6, KCreatined ¼ 24 mM, and Kd/Km = 3 for the for-
ward reaction. The degree of synergism of CK enzymes, eval-
uated from the value of Kd/Km, varies (ranging from 3 to 12)
between samples [14,17,24–27]. Interestingly, the synergism is
likely to depend on the direction of the CK reaction: in the
case of monkey brain-type CK [24], the Kd/Km values are 12
for the forward reaction (phosphagen synthesis) and 3 for
the reverse reaction (ATP synthesis). Several groups report
that the synergism has been lost in the recombinant enzymes
[28,29]. Lombricine kinase and glycocyamine kinase, which
Fig. 2. Lineweaver–Burk plots (1/V vs. 1/[arginine]) of the AK reaction of Crassostrea N62G/K193G mutant with various concentrations of ATP.
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substrate binding (Kd/Km = 2.5 and 5.3, respectively) [30,31].
The synergism is also present in the substrate binding of
AKs. A monomeric AK from Nautilus shows the Kd/Km value
of 3.4 for the forward reaction [17], and the AK from Limulus
shows the value of 3.0 for the reverse reaction [32]. For unu-
sual two-domain AKs (contiguous dimer), the Kd/Km value is
reported to be 5.9 for the forward reaction in Corbicula AK
[19], and 1.0 (no synergism) for the reverse reaction in Ensis
AK [32]. Other unusual, dimeric AKs from Caudina and Stich-
opus also show the synergism in substrate binding (Kd/Km =
3–4 for the forward reaction) [10,17]. We do not know the
meaning of synergism in substrate binding in this enzyme fam-
ily, because the magnitude of this synergism depends largely on
the species, the isozymes and the directions of reaction.
Thus, the synergism in substrate binding appears to be the
common feature in phosphagen kinases, but its molecular basis
has not been established systematically. For CK, several amino
acid residues that aﬀect the synergism were deduced from re-
search focused on other aspects of the CK reaction: C278
[33], H92 and H186 [34], and I69 [17,35]. Our studies are aimed
at identifying the speciﬁc amino acid residues attributable to
the synergism in substrate binding by Cassostrea AK.
The choice of candidate amino acids responsible for the syn-
ergism in substrate binding in AK was based on sequence com-
parison of AKs. We noted that two amino acid residues at
positions of 62 and 193 (D62 and R193) [16] were highly con-
served. In our previous work, replacement of these residues by
G in Nautilus AK caused a marked loss of AK activity, makingTable 1
Kinetic parameters for the forward reaction of the wild-type and mutants o
Vmax (lmoles
Pi/min/mg protein)
kcat (s
1) KArgm ðmMÞ KArgd
Wild-type 71.3 ± 3.08 47.5 ± 2.05 0.35 ± 0.01 0.82
N62G 37.4 ± 2.88 25.3 ± 1.92 0.35 ± 0.01 4.02
N62D 62.8 ± 0.52 41.9 ± 0.35 0.31 ± 0.009 1.55
K193G 48.6 ± 1.98 32.4 ± 1.32 1.45 ± 0.10 1.78
K193R 61.2 ± 2.29 40.8 ± 2.53 1.57 ± 0.09 2.22
N62G/K193G 36.6 ± 3.21 24.4 ± 2.14 1.44 ± 0.18 1.48
N62D/K193R 63.2 ± 0.93 42.1 ± 0.62 0.81 ± 0.01 1.30
Kinetic parameters were obtained from at least three runs of the reaction.it impossible to determine its kinetic parameters [16]. Since this
amino acid pair forms an ion pair only when Limulus AK
forms a transition state analogue complex [21], linking the
N- and C-intra-domains, and since a large conformational
change occurs upon substrate binding (see Fig. 1), these two
residues were postulated to be the candidates most likely to
participate in substrate binding synergism.
Recently, we found that D62 and R193 are notably replaced
by N and K [15], respectively, in Crassostrea AK. When we
introduced mutations at positions 62 and 193 in Crassostrea
AK, all of the mutants of Crassostrea AK (unlike the D62G
or R193G mutants of Nautilus AK [16]) retained 50–90% of
the wild-type enzyme activity (kcat), which enabled us to eluci-
date the role of these residues through determination of kinetic
parameters.
The kinetic parameters of the wild-type and mutant forms of
Crassostrea AK are shown in Table 1. We have to pay atten-
tion to the fact that the standard deviations of kinetic param-
eters reﬂect only discrepancy in the Michaelis constants and
not the primary data, so they are usually under-estimated. In
addition, several parameters gave large standard deviation.
Furthermore, in several mutants such as N62G/K193G, the en-
zyme assay system is not optimized to obtain precise kinetic
parameters KATPd and K
ATP
m . Therefore, such parameters may
contain considerable error.
Of great interest is the Km values for arginine ðKArgm Þ of the
mutant enzymes. When the N62 was replaced by G (N62G)
or D (N62D), the KArgm values (0.31–0.35 mM) were almost
identical to that (0.35 mM) of the wild-type AK (Table 1f Crassostrea AK
ðmMÞ KATPm ðmMÞ KATPd ðmMÞ kcat=KArgmðs1=mMÞ
Kd/Km
± 0.37 0.97 ± 0.25 2.26 ± 0.59 136 2.34 ± 0.91
± 0.34 0.82 ± 0.25 9.40 ± 2.91 72.3 11.3 ± 1.40
± 0.16 1.17 ± 0.16 5.69 ± 0.78 135 4.86 ± 0.52
± 0.41 2.17 ± 0.94 2.67 ± 1.15 22.3 1.16 ± 0.38
± 0.76 1.25 ± 0.31 1.25 ± 0.31 26 1.41 ± 0.49
± 0.26 3.75 ± 1.09 3.85 ± 1.12 16.9 1.02 ± 0.22
± 0.22 2.54 ± 0.27 4.05 ± 0.43 52 1.55 ± 0.29
Fig. 3. Comparison of KArgm values for wild-type and mutated AKs of Crassostrea.
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sition has no eﬀect on the binding of the substrate arginine.
However, the KArgd values for the mutant AKs were increased
2- to 5-fold compared with that of the wild-type (0.82 mM) en-
zyme and therefore a 2- to 5-fold increase in Kd/Km value rep-
resenting a stronger synergism in substrate binding (Table 1).
These mutant forms also show aﬃnity for ATP
ðKATPm ¼ 0:82–1:17 mMÞ comparable to that ðKATPm ¼
0:97 mMÞ of the wild-type. The kcat=KArgm values (72–135 s1/
mM), especially of the N62D mutant, were similar to that
(137 s1/mM) of the wild-type AK, indicating these mutations
do not substantially alter the enzyme catalytic eﬃciency. Thus,
N62 is one of the determinants in the synergism.
On the other hand, when the K193 was replaced by G
(K193G) or R (K193R), their KArgm values (1.45–1.57 mM) were
four times that (0.35 mM) of the wild-type enzyme, showing
that this replacement weakens the aﬃnity for arginine (Table
1 and Fig. 3). The KArgd values (1.78–2.22 mM) for the mutants
were two times that of the wild-type enzyme (0.82 mM), result-
ing in a Kd/Km value of 1.2–1.4, meaning that the synergism in
substrate binding had been lost. These mutants also show 1.3-
to 2.2-fold lower aﬃnity for ATP ðKATPm ¼ 1:25–2:17 mMÞ,
compared with that of the wild-type, and reduced kcat=KArgm
values (only 15% of the wild-type value), indicating a marked
loss of enzyme catalytic eﬃciency. Like N62, K193 appears to
be strongly associated with the expression of synergism.
The kinetic parameters ðKArgm and KArgd Þ for the double mu-
tant N62G/K193G are not inconsistent with the above results.
The changes in kinetic parameters as well as loss of synergism
were very similar in this mutant and the K193G but not the
N62G form (Table 1 and Fig. 3). This result means that the
replacement of the amino acid residue at position 193 has a sig-
niﬁcantly larger eﬀect on the enzymes kinetic parameters than
that at position 62, in agreement with our previous results that,
in Nautilus and Stichopus AKs, the replacement of R193 by G
caused a larger increase in KArgm value than did replacement of
D62 by G [16,17]. In addition, of all the mutant AKs, this one
had the lowest aﬃnity for ATP ðKATPm ¼ 3:8 mMÞ, and its
kcat=KArgm value (16.9 s
1/mM) showed an 8-fold decline in en-
zyme catalysis eﬃciency, compared with that (137 s1/mM) of
the wild-type.
Another double mutant N62D/K193R, which mimics the
conserved pair of the amino acids in normal AKs, had very
similar kinetic parameters to the wild-type enzyme, thoughthe KArgm and K
ATP
m was 2-fold larger than the wild-type K
Arg
m
and KATPm (Table 1 and Fig. 3). The Kd/Km and kcat=K
Arg
m values
for N62D/K193R showed intermediate values between the
wild-type and N62G/K193G mutant values.
In summary, we showed that the synergism in substrate
binding is notably aﬀected by the replacement of amino acid
residues 63 and 193 in Crassostrea AK. Although, many amino
acid residues could be associated with the synergism in sub-
strate binding, from this work, we can conclude that these res-
idues are essential for the expression of synergism. This agrees
with the observation that in the three-dimensional structure of
Limulus AK [21,23] these residues form an ion pair only in the
substrate-bound structure, providing a compact catalytic cen-
ter by linking the N- and C-intra-domains (Fig. 1).Acknowledgements: We thank anonymous referees for giving valuable
comments and suggestions.References
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